Objective: Overexpression of the epidermal growth factor receptor (EGFR) is associated with the malignant phenotype in many cancers including ovarian cancer, which leads to increased cell proliferation and survival. In spite of emerging EGFR inhibitors as a potentially useful agent, they are largely ineffective in patients with advanced or recurrent ovarian cancers. Since Akt as a key downstream factor of EGFR is highly activated in some high grade serous ovarian tumors, the augmented Akt activation may attribute to irregular EGFR-mediated signaling observed in ovarian cancer. Here we investigated the differential effect of Akt on the EGF-induced cell viability in a panel of ovarian cancer cell lines. Methods: Cellular viability assay and western blot analysis were used to measure cell viability and expression levels of proteins, respectively. Knockdown of Akt was achieved with siRNA and stable transfection of expression vectors was performed. Results: Cellular viability increased in OVCAR-3 ovarian cancer cells exposed to EGF, but little to no difference was observed in the 5 other ovarian cancer cells including SKOV-3 cells despite of the expression of EGFR. In OVCAR-3 cells, EGF activated Erk and Akt, but an Erk inhibitor had no impact on cellular viability. On the other hand, the EGFR and PI3K inhibitors decreased EGF-induced cellular viability, indicating the involvement of Akt signaling. Although EGF activated Erk in SKOV-3 cells, the Akt activation was very weak as compared to OVCAR-3 cells. Furthermore, we observed a different expression of Akt isoforms: Akt1 was constitutively expressed in all tested ovarian cancer cells, while Akt3 was little expressed. Interestingly, Akt2 was highly expressed in OVCAR-3 cells. Knockdown of Akt2 blocked EGF-induced OVCAR-3 cell viability whereas knockdown for Akt1 and Erk1/2 had no significant effect. Stable transfection of Akt2 into SKOV-3 cells phosphorylated more Akt and enhanced cell viability in response to EGF. Conclusions: Akt2-dependent signaling appears to play an important role in EGFR-mediated cellular viability in ovarian cancer and targeting specific Akt isoform may provide a potential therapeutic approach for EGFR-expressing ovarian cancers.
Introduction
Ovarian cancer is the commonest cause of gynecological cancer-associated death and is an insidious disease because it typically is asymptomatic until tumors have spread far beyond the ovaries [1] [2] [3] . Furthermore, the 5-year survival rate of ovarian cancer has changed little over several decades despite
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International Publisher intensive surgical treatment and advances in the use of novel therapeutic agents [2] . Genetic alterations including overexpression of epidermal growth factor receptor (EGFR) are frequently observed in high-grade malignant ovarian cancer [4, 5] . The ErbB/EGFR family of receptors consists of four structurally-related type 1 transmembrane tyrosine kinase receptors as follows: EGFR (ErbB1, HER1), ErbB2 (HER2, neu), ErbB3 (HER3) and ErbB4 (HER4) [6, 7] . Activation of ErbB/EGFR tyrosine kinase receptors recruits multiple signaling proteins, such as phospholipase Cγ, intracellular kinase Src, phosphoinositide 3-kinase (PI3K), serine-threonine specific protein kinase B (PKB/Akt) and mitogen-activated protein kinase (MAPK) [6] . These signal transduction pathways play important roles in cell proliferation, survival, adhesion, motility, invasion and angiogenesis [6, 7] . Because of the multiple signaling processes originating from EGFR activation, EGFR overexpression has been correlated with a poor prognosis and a decreased therapeutic responsiveness in patients with ovarian cancer [6] . Thus EGFR inhibitors may be potentially useful as a therapy in select patients with advanced or recurrent ovarian cancer [8] [9] [10] . However, clinical studies have revealed that EGFR inhibitors or antibodies to EGRF are largely ineffective against ovarian cancer [11, 12] . This limits the potential of EGFR inhibitors as therapeutic agents. Thus clarifying the response to EGF in ovarian cancer cells would provide a better understanding of an EGFR-targeted antitumor therapeutic. Since Akt is a key downstream factor of EGFR frequently observed in high-grade malignant ovarian cancers [4] , we investigated the involvement of Akt signaling on the differential response to EGF in a panel of ovarian cancer cell lines.
In this study, we found that EGF differentially contributed to cell viability in EGFR-expressing ovarian cancer cell lines. The differential effect of EGF indicates the functional role of specific components of the downstream signaling pathways elicited by EGFR activation. Here we demonstrated the impact of Akt signaling, and particularly the contribution of the Akt2 isoform on EGF-induced cell viability in ovarian cancer.
Materials and Methods

Reagents
Recombinant human EGF was obtained from R&D Systems (Minneapolis, MN). PD98059 [extracellular signal-regulated kinases (Erk) inhibitor] was purchased from EMD Chemicals (Billerica, MA). SB203580 (p38 MAPK inhibitor), SP600125 [stress activated protein kinase/c-jun terminal kinase (SAPK/JNK) inhibitor], AG-1478 (EGFR inhibitor) and wortmannin (PI3K inhibitor) were purchased from Enzo Life Sciences (Farmingdale, NY). LY294002 (PI3K inhibitor) was purchased from Cayman Chemical (Ann Arbor, MI). Small interfering RNAs (siRNA) for control and transfection reagents were obtained from Dharmacon (Thermo Scientific, Pittsburgh, PA). The siRNAs for Akt1 and Erk1/2 and antibodies for ErbB isoforms and β-actin were obtained from Santa Cruz Biotechnology (Dallas, TX). Antibodies for MAPK/Akt isoforms and human-specific/ mouse-specific Akt2 siRNAs were obtained from Cell Signaling Technology (Danvers, MA). Chemiluminescent detection kits came from GE Healthcare (Piscataway, NJ).
Cell culture
The human ovarian cancer cell lines (OVCAR-3, SKOV-3, CaOV-3 and TOV-21G), human colon adenocarcinoma cell line SW480, and human breast cancer cell lines MCF7 and MB231 were purchased from the American Type Culture Collection (Manassas, VA) and the A2780 human ovarian cancer cell line was provided by Dr. Andrew Godwin (University of Kansas, Kansas City, KS). The mouse ovarian surface epithelial cancer cell line (ID8) was provided by Drs. Katherine Roby and Paul Terranova (University of Kansas, Kansas City, KS). Cells (approximately 5 X 10 4 cells/ml) were cultured at 37°C in a water-saturated atmosphere of 95% air and 5% CO 2 in 24-or 6-well plates with appropriate media: Dulbecco's Modified Eagles Medium with penicillin/streptomycin and 4% FBS for ID8 cells, and RPMI Medium 1640 with penicillin/streptomycin and 10% FBS for other cells. After an overnight culture to allow cellular attachment to the plates, the medium was removed and fresh medium without FBS was added along with the various agents as described in the Results.
Cellular viability assay
The cellular viability assay was performed by monitoring the cleavage of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to a colored product. Briefly, after culture in a 24-well plate, each well was washed twice with phenol red-free media. After removing the media, 250 µL of MTT solution (1 mg/mL of phenol red-free media:PBS = 4:1) was added and the plates were incubated for 3 hours at 37 °C under 5 % CO2 in air with protection from light. The MTT solution in each well was removed and 500 µL of isopropanol were added. The plates were placed on a shaker for 10 minutes at room temperature to thoroughly dissolve the MTT color product. The optical density was measured at 595 nm using a microplate reader (Bio-Rad). Values were normalized to controls.
Western blot
Cell lysates were prepared, fractionated on SDS-polyacrylamide gels and transferred to nitrocellulose membranes according to established procedures. Blocking of nonspecific proteins was performed by incubation of the membranes with 5% nonfat, dry milk in Tris buffered saline Tween-20 (TBST containing 10 mmol/L Tris, 150 mmol/L phosphate buffered saline, 0.05% Tween 20, pH 8.0) for 2 hours at room temperature. Blots were incubated with primary antibodies at 1:1,000 dilution in blocking solution overnight at 4°C. The membranes were washed three times with TBST for 10 minutes followed by incubation for 1 hour with horseradish peroxidase conjugated secondary antibody (according to the primary antibody used) at a 1:2,500 in 5% milk/TBST. The membranes were then rinsed 3 times with TBST for 10 minutes and the bands visualized by enhanced chemiluminescence. After membrane stripping for 10 minutes with methanol containing 3% H2O2, β-actin was detected in order to serve as an internal loading control for cell lysates.
Gene silencing with small interfering RNA transfection
Expression levels of Akt1, Akt2 and Erk1/2 were selectively knocked down by using predesigned siRNAs. NT1 was used as a non-targeting control siRNA. OVCAR-3 cells were transiently transfected with 10 nmol/L siRNA (final concentration for maximum knock-down effect) using the transfection reagent for 48 hours and then treated with the agents as described under Results. In addition, a western blot was performed to validate the silencing of protein expression.
Akt2 stable cell line
SKOV3 cells were stably transfected with pcDNA3 based Akt2 expression vector which was a kind gift from Dr. Joseph R. Testa (Fox Chase Cancer Center, Philadelphia, PA) followed by G418 (Sigma) selection. Cell transfection was performed following the protocol of Lipofectamine 2000 (Invitrogen). The empty vector transfected cells were used as controls. After 12 days, resistant colonies were selected and confirmed Akt2 expression.
Statistical analysis
Data were analyzed by the paired Student's t-test and one-way analysis of variance (ANOVA) as appropriate. If a statistical significance (p ≤ 0.05) was determined by ANOVA, the data were further analyzed by Tukey's pairwise comparisons to detect specific differences between treatments.
Results
EGF stimulation induces variable effects on cell viability in ovarian cancer cells
To determine the basal expression of EGFR isoforms, we examined a panel of ovarian cancer cells: one mouse ovarian cancer cell line (ID8) and five human ovarian cancer cell lines (OVCAR-3, SKOV-3, A2780, CaOV-3 and TOV-21G) (figure 1A). ErbB1 was highly expressed in OVCAR-3, SKOV-3, CaOV-3, TOV-21G and ID8 ovarian cancer cells while A2780 was less expressed. ErbB1 were expressed in two bands: probably phosphorylated from for upper bands and non-phosphorylated from for lower bands.ErbB2 was intensively expressed in SKOV-3 cells, while Erb3 and Erb4 showed minimal to no expression in the ovarian cancer cell lines. To evaluate the responsiveness to EGF, we tested the effects of EGF on cell viability. EGF increased cell viability in OVCAR-3 cells (and to a modest degree in CaOV-3 and ID8 cells), but had no significant effect on cell viability in the other cells (figure 1B).
The MAPK pathway is not a contributing factor to cell viability in OVCAR-3 and SKOV-3 ovarian cancer cells
To investigate differences in response to EGF in a dose-dependent manner, we selected OVCAR-3 and SKOV-3 cells as representatives of frequently studied ovarian cancer cell lines. Both cell lines are known to have the PI3K/Akt pathway [11] . EGF increased cell viability in OVCAR-3 cells, but not SKOV-3 cells even at high concentrations (figure 2A). Next, we investigated MAPK activity as a main downstream of EGFR activation (figure 2B). In both OVCAR-3 and SKOV-3 cells, EGF activated Erk within the first 5-15 min followed by a decline in activation. However, EGF did not activate SAPK/JNK or p38 MAPK. We then used specific inhibitors for the MAPK pathway and re-evaluated cell viability. PD98059 (Erk inhibitor), SB203580 (p38 inhibitor) and SP600125 (SAPK/JNK inhibitor) had no significant effect on EGF-induced OVCAR-3 cell viability (figure 2C). We also determined if these MAPK inhibitors blocked the early Erk activation response in OVCAR-3 cells. The Erk inhibitor PD98059 blocked the EGF-activated Erk as anticipated, whereas neither SB203580 nor SP600125 significantly inhibited EGF-activated Erk (when normalized to expression levels of Erk as a loading control) (figure 2D). None of the MAPK inhibitors had a significant effect on EGF-activated Akt ( figure 2D ). For western blots, whole cell lysates were prepared and immunoblots were carried out using antibodies specific to Erk, SAPK/JNK, p38, Akt and their phosphorylated forms (pErk, pSAPK/JNK, pp38 and pAkt). Non-phosphorylated forms were used as loading controls. A cell viability assay was performed using MTT and values were normalized to untreated controls. Experiments were performed in triplicate and data are shown as a mean ± SEM. 
EGF-induced cell viability in OVCAR-3 ovarian cancer cells is closely associated with Akt signaling
Since EGF-activated Erk had no significant effect on cell viability (Figure 2) , we investigated the Akt pathway, which is another key downstream signaling linked to EGFR activation. The tyrosine kinase inhibitor associated with EGFR (AG-1478) significantly decreased both the basal level of cell viability in OVCAR-3 cells and blocked EGF-induced cell viability in a dose-dependent manner as expected ( figure  3A) . The PI3K inhibitors wortmannin and LY294002 decreased both the basal and EGF-induced cell viability in a dose-dependent manner (figures 3B and 3C). These PI3K inhibitors blocked EGF-activated Akt, but not EGF-activated Erk ( figure 3D ). AG-1478 also suppressed both EGF-activated Akt and Erk ( figure 3D ).
The Akt2 isoform is an important contributor to cell proliferation in OVCAR-3 ovarian cancer cells
To determine if there is a difference in Akt signaling in OVCAR-3 and SKOV-3 cells, we stimulated the cells with EGF. OVCAR-3 cells responded to EGF with a robust activation of Akt as compared to SKOV-3 cells (figure 4A). Since Akt has three known isoforms (Akt1, Akt2 and Akt3) [13] , we then investigated the expression patterns of Akt isoforms in OVCAR-3 versus SKOV-3 cells (figure 4A). The Akt1 isoform was expressed in both OVCAR-3 and SKOV-3 cells. Interestingly, Akt2 was specifically expressed in OVCAR-3 cells but was absent or less in SKOV-3 cells. Compared to Akt1 and Akt2, Akt3 was quite less expressed in either cell line. These findings suggest that the presence of Akt2 in OVCAR-3 cells could contribute to the differential effects of EGF on cell viability in OVCAR-3 versus SKOV-3 cells. Using Akt1 and Akt2 siRNAs to knockdown Akt1 and Akt2, we validated the critical effects of Akt1 and Akt2 silencing on EGF-activated Akt and Erk in OVCAR-3 cells ( figure  4B ). Akt2 siRNA reduced EGF-activated Akt and potentiated Erk activation. On the other hand, Akt1 siRNA did not alter EGF-activated Akt, but reduced Erk activation (in contrast to Akt2 siRNA). Furthermore, Akt1 siRNA induced Akt2 expression, probably via some compensatory mechanism. Next, we asked if Akt2 knockdown could impair EGF-induced cell via-bility. Indeed, Akt2 siRNA decreased both basal and EGF-induced cell viability in OVCAR-3 cells whereas Akt1 siRNA had no effect ( figure 4C ). On the other hand, knockdown of Erk1 or Erk2 with siRNAs did not decrease basal or EGF-induced cell growth ( figure  4D ). Interestingly, knockdown of Erk1 potentiated basal and EGF-induced cell viability ( figure 4D ). We validated knockdown of Erk1/2 which had no effect on Akt1 and Akt2 expression (figure 4E).
Reconstitution of Akt2 expression increases EGF responsiveness and increases cell proliferation in SKOV-3 cells
We examined the expression patterns of the Akt isoforms in ovarian cancer cell lines (ID8, OVCAR-1, SKOV-3, A2780, CaOV-3 and TOV-21G cells) ( figure  5A ). The Akt2 isoform was highly expressed in OVCAR-3 cells and low in ID8 cells, whereas this isoform was not clearly demonstrable in the other cell lines. Akt1 was highly expressed in all ovarian cancer cell lines, whereas Akt3 had a minimal expression as compared to other isoforms. To test the effects of Akt2 expression on cell viability, we generated stably transfected Akt2 SKOV-3 cells (SKAKT2). EGF increased cell proliferation in SKAKT2 cells whereas proliferation in SKA cells with empty vector demonstrated no effect ( figure 5B ). In addition, SKAKT2 cells grew more quickly than SKA cells even by 24 h ( figure  5C ). SKAKT2 cells induced more Akt activation basally and when induced by EGF than SKA cells with no AKT2 expression ( figure 5D ). Interestingly, SKAKT2 cells showed lower Erk activation in response to EGF than SKA cells ( figure 5D ). In addition, based on the expression of Akt2 in ID8 cells ( figure  5A ), we confirmed the involvement of Akt2 on EGF-induced cell viability in ID8 cells. Akt2 siRNA decreased both basal and EGF-induced cell viability also in ID8 cells (figure 5E) as demonstrated in OVCAR-3 cells. We also validated the knockdown of Akt2 expression in ID8 cells ( figure 5E ). (E) The validation of Erk1 and Erk2 silencing. For western blot, whole cell lysates were prepared and immunoblots were carried out using antibodies specific for phosphorylated Akt (pAkt) and pErk, pan Akt and the three Akt isoforms (Akt1, Akt2 and Akt3). Pan Akt and β-actin were used as loading controls. Experiments were performed in duplicate and a representative result is shown. The cell viability assay was performed by using MTT, and values were normalized to untreated controls. Blackened bars were EGF treated. * and # indicate a significant increase and decrease (p≤0.05), respectively, by ANOVA and Tukey's pairwise comparisons. Experiments were performed in triplicate and all data are shown as mean ± SEM. For western blot, whole cell lysates were prepared and immunoblot was carried out using antibodies specific to phosphorylated Akt (pAkt) and Erk (pErk), Akt1/2/3 and Erk1/2. β-actin was used as a loading control. Experiments were performed in duplicate and a representative result is shown. (E) Effects of Akt2 siRNA on EGF-induced cell viability in ID8 cells. Cells were transiently transfected with Control or Akt2 siRNAs (final concentration 10 nmol/L) using the transfection reagent for 48 h followed by treatment for 48 h with EGF (10 ng/mL). The validation of Akt2 silencing was confirmed by western blot. The cell viability assay was performed by using MTT, and values were normalized to controls. Experiments were performed in triplicate and all data are shown as mean ± SEM.
Discussion
One of the primary findings in this study is that the existence of Akt2 appears to play an important role in EGF-induced cell viability in EGFR-expressing ovarian cancers.
Different response to EGF on the cell viability between OVCAR-3 and SKOV-3 cells indicates the involvement of specific EGFR downstream signaling links and the different therapeutic outcome to EGFR inhibitors. As example, cetuximab, an EGFR-directed monoclonal antibody, inhibited cell growth in OVCAR-3 cells, whereas SKOV-3 cell growth was not significantly affected [15] . The MAPK signaling pathway including Erk, SAPK/JNK and p38 MAPK has been well characterized and plays an important role in the regulation of proliferation, survival and apoptosis in response to external stimuli in ovarian cancer [16] . In spite of similar Erk activation between OVCAR-3 and SKOV-3 cells in response to EGF, Erk1/2 signaling is unlikely to be involved in EGF-induced cell viability. This fact is based on having no effect of MAPK inhibitors and Erk1/2 siRNA on EGF-induced cell viability. In addition, Erk1/2 silencing further enhanced the EGF-induced cell viability. In contrast, silencing Erk1/2 protein expression led to the suppression of cell proliferation in HeyC2 ovarian epithelial cancer cells and KGN granulosa tumor cells [17] . Because these two cell lines activate Erk1/2 constitutively, different responses in cell viability may exist between constitutive and inducible Erk1/2 activated cells. On the other hand, the ERK1/2 pathway is involved in the antiproliferative effect of type II gonadotropin-releasing hormone in OVCAR-3 cells [18] . Although endocrine-disrupting chemicals activate Erk1/2 and p38 MAPK, they are unlikely to be involved in estrogen-responsive ovarian cancer cell growth [19] . Interestingly, in prostate cancer cells Akt has a pivotal role in EGFR-mediated cell migration by activating epithelial-mesenchymal transition rather than Erk signaling [20] . Further studies are necessary to explore the possible roles of MAPK activation in ovarian cancer.
Akt plays pivotal roles in many responses including growth, survival, migration, invasion and metastasis. EGF strongly activated Akt in OVCAR-3 cells compared to SKOV-3 cells and specific EGFR/PI3K inhibitors decreased EGF-induced cell viability by blocking Akt activation and maintaining Erk1/2 activation. These results indicate the impact of Akt signaling on EGF-induced cell viability as supported in several reports. Ascites is commonly found in advanced ovarian cancer patients. Malignant ascites prevents TRAIL-induced apoptosis by activating Akt without affecting Erk phosphorylation in human ovarian carcinoma cells [21] . Akt genes are frequently observed in high-grade malignant ovarian cancers [4, 22] . Since the Akt pathway is often aberrantly regulated in various cancers, targeting Akt may be a novel, and more effective anticancer therapy [23, 24] . Actually, because Akt activation promotes cisplatin-resistance, inhibition of Akt activity indicates be a useful therapeutic approach for the treatment of cisplatin-resistant ovarian cancer [25, 26] . Three members of the Akt family have been identified in mammals: Akt1, Akt2 and Akt3, which are ubiquitously expressed in all cell types and tissues [13, 27] . In particular, Akt2 was highly expressed in OVCAR-3 cells as previously reported [28] . Although other authors indicated a low expression of Akt2 in SKOV-3 cells, OVCAR-3 cells expressed higher Akt2 as compared to other ovarian cancer cells [29] . These facts indicate that Akt2 may be a significant regulator of EGF-induced cell viability. Akt2 siRNA decreased basal cell growth whereas Akt1 siRNA had no effect as observed by others [30] . Silencing Akt2 blocked EGF-induced Akt phosphorylation and cell viability. On the other hand, overexpression of Akt2 increased the response to EGF and enhanced cell viability. Supportably, other authors indicated that activated Akt2 might increase ovarian cancer cell survival via inhibition of apoptosis [31] . Frequent activation of Akt2 is a common occurrence in human ovarian cancer [32] (particularly in undifferentiated tumors) and is often followed by a poor prognosis [33] . Although silencing Akt1 had no significant effect on cell viability, it is likely to be involved in cell migration and invasion [34] . Akt1, for instance, was specifically involved in the migration of lysophosphatidic acid (LPA)-induced mouse embryo fibroblast cells [35] . In addition, a point mutation (E17K) in the Akt1 gene was described in ovarian cancer cells and was found to induce leukemia in mice [36] . The Akt1 transfected NIH3T3 cells resulted in a malignant phenotype. These data indicate that Akt1 may be a determinant of oncogenesis [37] . Also, specific silencing of Akt3 inhibited proliferation of ovarian cancer OVCA429, DOV13 and ES2 cells which have high Akt3 expressions [28, 38] . On the contrary, in lung cancer, Akt1 ablation delayed initiation of lung tumor growth, Akt2 deficiency dramatically accelerated the growth rate of lung tumors and Akt3 ablation had a small, not statistically significant [39] . But several reports in other cancer types support in part our results. In the androgen-independent prostate cell line PC-3, Akt1 ablation induced loss of cell adhesion whereas Akt2 (but not Akt1) ablation promoted cell cycle arrest at G0/G1 [40] . Suppression of Akt2 expression in highly metastatic colorectal cancer cells inhibited metastasis and even overexpression of Akt1 did not restore the metastatic potential [41] . Also Akt2 depleted MDA-MB-231 breast cancer cells showed a marked reduction in metastasis to mouse lungs [42] . As described in other cancer types, a subset of ovarian cancers are likely to differentially regulate Akt1 [37] , Akt2 [32] and Akt3 [28, 38] in Akt isoform specific manner. Although potential mechanisms for how Akt2 reduces the phosphorylated Erk1/2 are still unknown, Akt2-dependent signaling may encroach on Erk activation in constant response to EGF.
Regulation of each Akt isoform in ovarian cancer is widely unknown. Therefore, it is important that the specific roles of each Akt isoform be further clarified in ovarian tumors. We have shown that Akt2 dependent signaling plays an important role in the cellular viability in some EGFR-expressing ovarian cancer cells like OVCAR-3, which may provide a potential therapeutic approach for a sub-set of ovarian cancers.
